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Abstract. Cosmological N -body simulations are typically purely run with particles using
Newtonian equations of motion. However, such simulations can be made fully consistent
with general relativity using a well-defined prescription. Here, we extend the formalism
previously developed for ΛCDM cosmologies with massless neutrinos to include the effects
of massive, but light neutrinos. We have implemented the method in two different N -body
codes, concept and pkdgrav, and demonstrate that they produce consistent results. We
furthermore show that we can recover all appropriate limits, including the full GR solution
in linear perturbation theory at the per mille level of precision.
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1 Introduction
In the coming few years, new, large galaxy surveys such as those from LSST [1] and EUCLID
[2] will provide extremely precise measurements of the large scale structure of our Universe.
This in turn requires numerical simulations of structure formation to be accurate at the
sub-percent level over a wide range of scales.
One important ingredient in this quest is to include massive neutrinos which are known
to make up at least 0.1 % of the total energy density at present. Even at this lower limit the
inclusion of neutrinos changes the matter power spectrum at the 3–4 % level, substantially
more than the required precision of these surveys.
Over the past decade, a substantial effort has been devoted to the inclusion of massive
neutrinos in N -body simulations. One approach is to use a particle representation of the full
neutrino distribution function (e.g. [3–12]). This, however, is very numerically challenging
because of the large number of particles needed to properly follow the neutrino distribution
function. Another scheme assumes that neutrino perturbations remain linear [13–15]. A
simple scheme which is known to work well for small neutrino masses is to use the linear
neutrino density field calculated by realising the linear neutrino transfer function on a grid
[13]. An improvement on this is to solve the linear theory neutrino equations, but use
the full non-linear gravitational potential calculated in the simulation [14, 15]. However,
in both cases this scheme only works for relatively small neutrino masses where neutrino
perturbations remain linear at all times. Finally, there are hybrid schemes coupling the two
approaches [16], as well as approaches based on other approximate solutions (e.g. [17, 18])
Another effect which must be taken into account comes from the inclusion of general
relativistic effects. This can be done fully relativistically in the weak field limit (see e.g. [19]).
However, as has been shown (see e.g. [20] and references therein), even N -body codes such as
gadget [21], pkdgrav [22] and ramses [23] which are inherently Newtonian, can in fact be
used to obtain results which are valid in the weak field limit of GR. In the case of pure ΛCDM
models, i.e. models with only one matter component, this can be done via backscaling. The
inclusion of massive neutrinos complicates matters, and the backscaling method becomes
highly non-trivial. However, massive neutrinos can be included using the method presented
in [24–26]. This requires neutrinos to be light enough that they can be treated as a purely
linear component. In this case the neutrino density field can be realised at each timestep
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in a Newtonian simulation and thus be used to calculate the neutrino contribution to the
local gravitational potential. This method was first introduced in [13] and shown to lead to
sub-percent errors in the calculation of the matter power spectrum for neutrino masses up to
around 0.3 eV. When neutrinos are added to the simulation using this method the N -body
simulation still contains only one matter component and this makes it possible to use the
framework presented in [24–26].
In this paper we show that by extending the method to include massive neutrinos we can
run Newtonian N -body simulations which are fully consistent with GR, including massive
neutrinos, without compromising the speed and scalability of standard N -body codes. We
test our framework using two different N -body codes and demonstrate that we obtain fully
consistent results.
In Section 2 we discuss the theoretical set-up needed to include massive neutrinos and
GR. In Section 3 we present our numerical results, and finally Section 4 contains a discussion
and our conclusions.
2 Method and implementation
As was shown in [24–26], Newtonian N -body simulations containing only dark matter (or
any other highly non-relativistic component) can be made compatible with general relativity.
For pure matter (i.e. a pressureless component) the continuity and Euler equations for
the density contrast δ and peculiar velocity v can be written as
δ˙ +∇ · v = 0 , (2.1)
(∂τ +H)v = −∇φ+∇γ , (2.2)
where a dot denotes differentiation with respect to conformal time τ and H = a˙/a is the
conformal Hubble parameter with a being the cosmic scale factor. The quantity γ is a
correction which can be subtracted from the peculiar potential, φ, in the simulation. The
potential φ is the total potential from all species, i.e.
∇2φ = ∇2
∑
α
φα = 4piGa2
∑
α
δρα , (2.3)
with α ∈ {cdm,b, γ, ν} running over all species1.
From [20], the Fourier space equation for γ can be written as
γk2 = −(∂τ +H)H˙T + 8piGa2Σ , (2.4)
where Σ is the total anisotropic stress of all species and HT is the trace-free component of
the spatial part of the metric in N -body gauge (see e.g. [27]). In appendix A we calculate γ
in Fourier space with massive neutrinos included. We then have everything we need for this
approach to fully consistently take massive neutrinos into account.
Concretely we split the total potential φ−γ experienced by the matter in the simulation
into a contribution coming from the matter itself (calculable using standard techniques in
the N -body simulation), φsim, and a contribution coming from photons, neutrinos, and the
GR correction γ, φGR:
φ− γ ≡ φsim + φGR , (2.5)
1The subscript γ refers to photons and should not be confused with the variable γ, representing the
relativistic potential correction.
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with φGR given by
∇2φGR ≡ ∇2
(
φγ + φν − γ
)
≡ 4piGa2(δργ + δρν + δρmetric) (2.6)
≡ 4piGa2δρGR .
Here δρmetric is a fictitious density perturbation which amounts to the GR potential correction
γ,
∇2γ = −4piGa2δρmetric . (2.7)
Following the same prescription as in [26], at each timestep in the simulation we realise δρGR
in Fourier space, solve its Poisson equation (2.6), transform to real space and apply the force
from φGR to the matter particles, in addition to the usual force from the matter particles
themselves (corresponding to φsim).
To compute δρGR in linear perturbation theory, a class [28] computation has been run
in advance, providing us with δργ and δρν in either synchronous or conformal Newtonian
gauge, H˙T in N -body gauge as described in appendix A, as well as Σ (which is gauge in-
dependent in linear perturbation theory and can be calculated from its algebraic relation to
φ − ψ in conformal Newtonian gauge), all as functions of a and k. From H˙NbT and Σ, we
obtain δρNbmetric(a, k) using (2.4) and (2.7). We then transform δργ and δρν to N -body gauge,
δρNbα = δρS/Nα + 3H(1 + wα)
θ
S/N
tot
k2
ρ¯α , (2.8)
with θtot the total peculiar velocity divergence of all species and wα = P¯α/ρ¯α the equation
of state parameter of species α (both obtainable from class), after which we add δρNbγ and
δρNbν to δρNbmetric, resulting in δρNbGR. The realisation of this δρNbGR(k) on a grid in real space is
done using the formalism outlined in appendix A of [18].
In Fig. 1 we show the individual contributions to φGR from photons, neutrinos, and
the GR correction γ. For the case of massless neutrinos we reproduce the results from
[26]: For small (superhorizon) values of k all three contributions asymptotically approach k-
independent values, while for larger k all three contributions oscillate and damp. For the case
of massive neutrinos, we see that, as expected, the neutrino contribution ceases to oscillate
as soon as neutrinos become non-relativistic (T/mν ∼ 1/3 around z ∼ 60). From this point
on it grows rapidly, essentially following the matter evolution. We also note that the photon
and γ contributions remain almost unchanged in the case of massive neutrinos so that by far
the largest difference between models with different neutrino masses comes from the neutrino
component itself, rather than from photons or the GR correction γ.
We initialise the simulation using class in the same way as was described in [18]. Initial
conditions for the density and velocity fields are generated using the N -body gauge δcdm+b
and θcdm+b transfer functions from class at the initialisation time, i.e. we do not use higher
order methods such as 2LPT. In this particular case this is completely unproblematic since
we study effects pertaining to very large scales where structures are completely linear at the
initial time.
3 Numerical setup and results
In order to test the effect of massive neutrinos including GR corrections we perform a suite of
N -body simulations, primarily using the publicly available concept N -body solver [18]. All
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Figure 1. Individual contributions to φGR ≡ φγ +φν−γ at three different scale factors. The left plot
shows the case of massless neutrinos, the right plot shows the case of
∑
mν = 0.1 eV. The potentials
are all in N -body gauge. The gray bands indicate regions where the vertical axes scale linearly.
concept simulations in this work use cosmological parameters as listed in table 1. We use a
degenerate neutrino hierarchy, i.e. three neutrinos of equal mass. The concept simulations
all begin at a = 0.01, use 10243 matter particles and the potential grids (both φsim and
φGR) are of size 10243. All concept simulations are carried out in box sizes of either
(16384 Mpc/h)3 or (1024 Mpc/h)3, the power spectra from which are patched together to
give the ones shown in Fig. 2, 3 and 4.
3.1 Main results
In Fig. 2 we show ratios of matter power spectra with and without the corrections from φGR
included. The effects from including the different terms (φγ , φν , −γ) in φGR are shown.
It can be clearly seen that at early times models with and without neutrino mass behave
identically because the neutrinos are still close to relativistic. Once neutrinos become non-
relativistic the relative contribution from φν increases significantly and dominates over the
other components, whereas the photons and the metric component (γ) are close to identical
in the two cases. This is completely expected given the behaviour of φGR seen in Fig. 1.
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Parameter ΛCDM ∑mν = 0.10 eV
As 2.215× 10−9 2.215× 10−9
ns 0.9655 0.9655
τreio 0.0925 0.0925
Ωb 0.049 0.049
Ωcdm 0.264 0.262
Ων 3.77× 10−5 2.37× 10−3
h 0.6731 0.6731
Nq,ν 1000 1000
lmax,ν 1000 1000
Table 1. Cosmological parameters and numerical settings for the class runs used. We use the exact
relation Ωcdm = 0.2643− Ων .
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Figure 2. Relative matter (CDM and baryons) power spectra with and without GR effects. Three
levels of GR effects are considered; photon perturbations only (dotted lines), photon and neutrino
perturbations (dashed lines) and photon, neutrino and metric perturbations (full lines). The left plot
shows the case of massless neutrinos, the full lines of which are equivalent to Fig. 2 in [26], the right
plot shows the case of
∑
mν = 0.1 eV. The power spectra are in N -body gauge.
In Fig. 3 we show the well-known suppression plot, comparing models with ∑mν =
0.1 eV to ∑mν = 0, with and without the full φGR included.
The dashed lines show results from running purely Newtonian simulations. We find the
usual suppression in the semi-linear to non-linear regime (explained in detail in numerous
other works, see e.g. [3–9, 11, 14–17, 29]).
Notice that in the limit of small k there are noticeable differences. At the initial time
the model with non-zero neutrino mass has slightly more power, but over time the model
with neutrino mass has slower growth of structure and therefore the power ratio drops with
time. This phenomenon can be explained in the following way: At the initialisation time
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Figure 3. Relative matter (CDM and baryons) power spectra between
∑
mν = 0.1 eV and
∑
mν = 0
cosmologies. Dashed lines are without any GR effects and full lines with all GR effects included. Black
lines indicate the corresponding linear results from class, where again full lines are in full GR (default
class) and the dashed lines show the k-independent Newtonian growth rate. The power spectra are
in N -body gauge.
the amplitude of matter fluctuations (δ) is proportional to τ2, i.e. the conformal time at this
particular a, squared. For the models shown here this τ2 differ by approximately 0.5 %, and
therefore the difference in power is approximately 1 %.
Over time the Newtonian models lack any contribution from photon, neutrino and
metric perturbations on large scales and since the matter density is lower in the model with
neutrino mass, the matter fluctuations grow correspondingly slower, leading to suppression
of power over time.
The thin, horizontal dashed lines show the ratio of solutions to the purely Newtonian
linear perturbation equations for non-relativistic matter, i.e. the ratio of the growth functions,
D, squared. Both models have almost the same background evolution. However, the model
with massive neutrinos has no source term from the neutrinos acting on the CDM. We
normalise the ratio such that it matches exactly at the initial time. The fact that the
simulations match the simple Newtonian linear theory result is a nice consistency check of
the code.
The full curves show the result of simulations with φGR included. The thin black lines
show the results from class (i.e. linear theory), and as can be seen the N -body results match
exactly in the linear regime. As expected we see a slight increase in the ratio just before
the non-linear scales (only clearly visible at a = 1). For large k we find the expected result,
namely that there is an exact match between Newtonian and GR simulations.
For the simulations with φGR included the difference on large scales is far smaller. At
the initialisation point the difference is the same as in the Newtonian case, since they start
from the same class output. However, at later times the lack of cold dark matter is, to a
large extent, compensated by the presence of neutrino and photon fluctuations. On super-
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horizon scales these are comparable in importance to the matter fluctuations and therefore
the suppression becomes much less pronounced.
Finally, we note that the bump seen around k ∼ 6 × 10−3 h/Mpc in the initial ratio
arises from the difference in matter-radiation equality between the two models (see e.g. [30]),
and that it propagates differently in the two models. In the Newtonian simulations it remains
fixed in k-space, whereas in the GR case it moves to the left over time. This difference is
caused by the GR corrections during evolution (i.e. it essentially amounts to the difference
between the left and right panels in Fig. 2).
3.2 Comparison with PKDGRAV
In order to test the robustness of our calculation we have additionally implemented the GR
effects in the state-of-the-art publicly available code pkdgrav. Results from this exercise
are shown in Fig. 4. As can be seen, pkdgrav provides results which are identical to those
of concept to within a very small margin, even though the two codes are fundamentally
different.
pkdgrav is a pure tree code, but with a grid structure implemented very recently
precisely for the use case laid out in this paper. As seen in Fig. 4, the results from the GR
implementation in pkdgrav match those from the GR implementation in concept very
accurately. Through the newly added class mode of pkdgrav, all pkdgrav simulations
use the exact same cosmology and initial conditions2 as the concept simulations. Similarly,
the box size is chosen as (16384 Mpc/h)3 and the simulations begin at a = 0.01. The number
of particles is however reduced to 5123, as we are only interested in the linear regime.
Fig. 4 do not show the pkdgrav lines at the lowest k modes around k ∼ 10−3 h/Mpc,
as here they begin to deviate from the expected results by a few percent. We can achieve
agreement in this region by increasing the box size, which then simply moves the inaccurate
region to the left. We suspect that this can be explained by the time stepping scheme used by
pkdgrav, where all (major) time steps last for the same length of cosmic time. A new time
stepping scheme based on the scale factor (at least at early times), rather than the cosmic
time, is under construction.
Our pkdgrav simulations ended prematurely due to a hardware failure, and so the
pkdgrav lines for a = 1.00 in Fig. 4 are really constructed from power spectra at a = 0.50,
which we have extrapolated to a = 1.00 using linear theory.
4 Discussion
We have presented a framework for calculating the effect of light neutrinos, as well as photon
and GR corrections in Newtonian N -body codes. The approach is based on the cosira code
presented in [26], in which radiation (photons and massless neutrinos) were included consis-
tently to leading order in the N -body solver gadget. The method involves the realisation
at all times of the radiation perturbation field and the scalar potential quantity γ on a grid
in the code. This grid is subsequently added to the ordinary potential grid to account for
the effects of radiation and GR corrections to the Euler equation.
In this work we have extended the formalism to account for the possibility of massive
neutrinos which complicates the calculation of γ somewhat. As in the case of massless
neutrinos, we use the class code to calculate the quantities necessary to construct γ in
2Up to an effective change of random seed.
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Figure 4. Relative matter (CDM and baryons) power spectra between
∑
mν = 0.1 eV and
∑
mν = 0
cosmologies, similar to Fig. 3. The coloured lines show the concept results and are identical to those
in Fig. 3. Cyan lines show the corresponding pkdgrav results.
linear perturbation theory, i.e. the general relativistic potential correction γ as well ass the
energy density perturbations of photons and massive neutrinos. These are then realised on a
grid in the N -body simulation. We have tested the implementation in two different solvers:
concept, which is a PM code fully interfaced with class, and pkdgrav, which is a tree
code to which has been added a potential grid in order to implement the effects.
We find that we can calculate the effects pertaining to the addition of massive neutrinos,
photons and GR corrections at the per mille level on large scales, where structure formation
is purely linear. On smaller scales we find, as expected, that the effects of massive neutrinos
are completely dominated by the absence of a clustering matter component, and that our
results are identical to those found in a completely Newtonian N -body run.
The corrections studied here are typically at the level of a few percent on large scales,
large enough that they should be included when comparing against data from future very
large surveys such as EUCLID [2] and LSST [1].
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A Computing γ
Here we will go through the steps necessary to calculate the quantity γ, appearing in (2.4).
We will assume a spatially flat universe throughout this section. We start from the following
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definition of γ from Eq. 4.12 in [20]:
γk2 ≡ −
(
∂τ +
a˙
a
)
H˙T + 8piGa2Σ, (A.1)
= −
(
∂τ +
a˙
a
)
H˙T + k2(φ− ψ) , (A.2)
where the last line provides a convenient way of obtaining the total shear from quantities
available in class.
Given that we run the simulations using N -body gauge we will now fix our discussion
to this gauge. In N -body gauge, we have HNbT = 3ζ, where ζ is the comoving curvature
perturbation, leading to
H˙NbT = 3ζ˙ = 3
a˙
a
[
δpcom
ρ+ p + σ
]
, (A.3)
where we have used the conservation equation for ζ in comoving gauge (Eq. 41 in [31]). The
following gauge transformation of δpcom is valid in both the Synchronous and Newtonian
gauges since B = 0 in those gauges:
δpcom = δpS/N + p˙ θ
S/N
k2
. (A.4)
Combining the equations, we find the following formula:
H˙NbT = 3
a˙
a
1
ρ+ p
[
δpS/N + p˙ θ
S/N
k2
+ (ρ+ p)σ
]
. (A.5)
Three of the quantities in this equation, δp, p˙ and σ are not readily available in the standard
version of class. Thus, it is convenient to modify class slightly to output this quantity. We
need a formula for p˙ inside class that also includes non-cold dark matter. From Eq. 3.14 in
[32] we find
p˙α = − a˙
a
(5pα − pα) , (A.6)
where p is the pseudo-pressure defined in [32]. For any pressureless species, pα ' p ' 0, and
for relativistic species we have pα ' p. We can then write the time-derivative of the total
pressure in terms of the total pressure and pncdm,tot:
p˙ =
∑
α
p˙α = − a˙
a
(4p+ pncdm,tot − pncdm,tot) . (A.7)
Using this prescription we have modified class to provide H˙NbT in N -body gauge, which
through (A.2) provides the quantity γ.
References
[1] P. A. Abell et al. [LSST Science and LSST Project Collaborations], “LSST Science Book,
Version 2.0,” arXiv:0912.0201 [astro-ph.IM].
[2] R. Laureijs et al. [EUCLID Collaboration], “Euclid Definition Study Report,” arXiv:1110.3193
[astro-ph.CO].
– 9 –
[3] J. Brandbyge, S. Hannestad, T. Haugbølle and B. Thomsen, “The Effect of Thermal Neutrino
Motion on the Non-linear Cosmological Matter Power Spectrum,” JCAP 0808 (2008) 020
[arXiv:0802.3700 [astro-ph]].
[4] S. Agarwal and H. A. Feldman, “The effect of massive neutrinos on the matter power
spectrum,” Mon. Not. Roy. Astron. Soc. 410 (2011) 1647 [arXiv:1006.0689 [astro-ph.CO]].
[5] S. Bird, M. Viel and M. G. Haehnelt, “Massive Neutrinos and the Non-linear Matter Power
Spectrum,” Mon. Not. Roy. Astron. Soc. 420 (2012) 2551 [arXiv:1109.4416 [astro-ph.CO]].
[6] F. Villaescusa-Navarro, F. Marulli, M. Viel, E. Branchini, E. Castorina, E. Sefusatti and
S. Saito, “Cosmology with massive neutrinos I: towards a realistic modeling of the relation
between matter, haloes and galaxies,” JCAP 1403 (2014) 011 [arXiv:1311.0866 [astro-ph.CO]].
[7] E. Castorina, C. Carbone, J. Bel, E. Sefusatti and K. Dolag, “DEMNUni: The clustering of
large-scale structures in the presence of massive neutrinos,” JCAP 1507 (2015) no.07, 043
[arXiv:1505.07148 [astro-ph.CO]].
[8] J. D. Emberson et al., “Cosmological neutrino simulations at extreme scale,” Res. Astron.
Astrophys. 17 (2017) no.8, 085 [arXiv:1611.01545 [astro-ph.CO]].
[9] J. Adamek, R. Durrer and M. Kunz, “Relativistic N-body simulations with massive neutrinos,”
JCAP 1711 (2017) no.11, 004 [arXiv:1707.06938 [astro-ph.CO]].
[10] J. Brandbyge, S. Hannestad and T. Tram, arXiv:1806.05874 [astro-ph.CO].
[11] M. Viel, M. G. Haehnelt and V. Springel, “The effect of neutrinos on the matter distribution as
probed by the Intergalactic Medium,” JCAP 1006 (2010) 015 [arXiv:1003.2422 [astro-ph.CO]].
[12] A. Banerjee, D. Powell, T. Abel and F. Villaescusa-Navarro, JCAP 1809 (2018) no.09, 028
[arXiv:1801.03906 [astro-ph.CO]].
[13] J. Brandbyge and S. Hannestad, “Grid Based Linear Neutrino Perturbations in Cosmological
N-body Simulations,” JCAP 0905 (2009) 002 [arXiv:0812.3149 [astro-ph]].
[14] Y. Ali-Haimoud and S. Bird, “An efficient implementation of massive neutrinos in non-linear
structure formation simulations,” Mon. Not. Roy. Astron. Soc. 428 (2012) 3375
[arXiv:1209.0461 [astro-ph.CO]].
[15] J. Liu, S. Bird, J. M. Z. Matilla, J. C. Hill, Z. Haiman, M. S. Madhavacheril, A. Petri and
D. N. Spergel, “MassiveNuS: Cosmological Massive Neutrino Simulations,” arXiv:1711.10524
[astro-ph.CO].
[16] J. Brandbyge and S. Hannestad, “Resolving Cosmic Neutrino Structure: A Hybrid Neutrino
N-body Scheme,” JCAP 1001 (2010) 021 [arXiv:0908.1969 [astro-ph.CO]].
[17] A. Banerjee and N. Dalal, “Simulating nonlinear cosmological structure formation with massive
neutrinos,” JCAP 1611 (2016) no.11, 015 [arXiv:1606.06167 [astro-ph.CO]].
[18] J. Dakin, J. Brandbyge, S. Hannestad, T. Haugbølle and T. Tram, “νCONCEPT:
Cosmological neutrino simulations from the non-linear Boltzmann hierarchy,” arXiv:1712.03944
[astro-ph.CO].
[19] J. Adamek, D. Daverio, R. Durrer and M. Kunz, JCAP 1607 (2016) no.07, 053
[arXiv:1604.06065 [astro-ph.CO]].
[20] C. Fidler, T. Tram, C. Rampf, R. Crittenden, K. Koyama and D. Wands, “General relativistic
weak-field limit and Newtonian N-body simulations,” JCAP 1712 (2017) no.12, 022
[arXiv:1708.07769 [astro-ph.CO]].
[21] V. Springel, “The Cosmological simulation code GADGET-2,” Mon. Not. Roy. Astron. Soc.
364 (2005) 1105 [astro-ph/0505010].
[22] D. Potter, J. Stadel and R. Teyssier, “PKDGRAV3: Beyond Trillion Particle Cosmological
– 10 –
Simulations for the Next Era of Galaxy Surveys,” arXiv:1609.08621 [astro-ph.IM].
[23] R. Teyssier, Astron. Astrophys. 385 (2002) 337 [astro-ph/0111367].
[24] C. Fidler, C. Rampf, T. Tram, R. Crittenden, K. Koyama and D. Wands, Phys. Rev. D 92
(2015) no.12, 123517 [arXiv:1505.04756 [astro-ph.CO]].
[25] C. Fidler, T. Tram, C. Rampf, R. Crittenden, K. Koyama and D. Wands, JCAP 1609 (2016)
no.09, 031 [arXiv:1606.05588 [astro-ph.CO]].
[26] J. Brandbyge, C. Rampf, T. Tram, F. Leclercq, C. Fidler and S. Hannestad, Mon. Not. Roy.
Astron. Soc. 466 (2017) L68 [arXiv:1610.04236 [astro-ph.CO]].
[27] J. Adamek, J. Brandbyge, C. Fidler, S. Hannestad, C. Rampf and T. Tram, Mon. Not. Roy.
Astron. Soc. 470 (2017) no.1, 303 [arXiv:1703.08585 [astro-ph.CO]].
[28] D. Blas, J. Lesgourgues and T. Tram, “The Cosmic Linear Anisotropy Solving System
(CLASS) II: Approximation schemes,” JCAP 1107 (2011) 034 [arXiv:1104.2933 [astro-ph.CO]].
[29] S. Bird, Y. Ali-HaÃŕmoud, Y. Feng and J. Liu, “An Efficient and Accurate Hybrid Method for
Simulating Non-Linear Neutrino Structure,” arXiv:1803.09854 [astro-ph.CO].
[30] J. Lesgourgues and S. Pastor, Phys. Rept. 429 (2006) 307 [astro-ph/0603494].
[31] W. Hu, ICTP Lect. Notes Ser. 14 (2003) 145 [astro-ph/0402060].
[32] J. Lesgourgues and T. Tram, JCAP 1109 (2011) 032 [arXiv:1104.2935 [astro-ph.CO]].
– 11 –
